intestinal transit than of bacterial proliferation, as bacterial density remained similar or decreased 137 slightly from midgut to feces, depending on the caterpillar species (Fig. S1B ). 138 Caterpillar gut bacterial assemblages also exhibited a high degree of intraspecific 139 variability, as shown by higher beta diversity within caterpillar species relative to other insects 140 and vertebrates (p = 0.0002). Such variability could indicate that the microbes found in 141 caterpillar guts are generally transient, as animals with functionally important, resident 142 microbiomes tend to host a high abundance of microbial taxa shared among conspecific 143
individuals (e.g., (43) (44) (45) ). In agreement with this expectation, within most species of the other 144 animals analyzed here, microbiomes were largely made up of a common set of bacterial 145
phylotypes. For example, >99% of sequences in any one honeybee belonged to phylotypes found 146 in all honeybees included in the analysis. In contrast, even when raised on the same species of 147
food plant under identical conditions, caterpillars had a much lower proportion of their gut 148 bacterial assemblage belonging to core phylotypes (median 19.5%, p < 0.0001; Fig. 1C ). In 149
Schausiella santarosensis, which among caterpillars had the highest median core size of ~50%, 150
four of its six core phylotypes belong to Methylobacterium, a typical inhabitant of leaf surfaces 151 (46) . This observation hints that many of the core phylotypes which were found in caterpillars 152 may be transient, food-derived microbes. 153
In addition to low total abundance and high inter-individual variability, caterpillar gut 154 bacterial assemblages are dominated by leaf-associated taxa, further suggesting that resident, 155
host-specific symbionts are sparse or absent. The bacterial phylotypes present in the feces of at 156 least half of the sampled caterpillar individuals are Staphylococcus, Escherichia, 157
Methylobacterium, Klebsiella/Enterobacter, Enterococcus, and Sphingomonas (Table S2 ). In 158
Colorado and Costa Rica, we sampled leaf-associated bacteria from the same plant individuals 159 consumed by the sampled caterpillars to examine whether leaves are a potential source of these 160 taxa. Of the aforementioned phylotypes, all but Staphylococcus-a potential caterpillar pathogen 161 (47) or, like Corynebacterium, a transient from human skin (48)-are also among the ten most 162 common phylotypes found in leaf samples (Table S2 ). Across caterpillar individuals, a median 163 89.6% (interquartile range: 80.2-99.0%) of fecal bacterial sequences belonged to phylotypes 164 detected on leaves. However, bacterial assemblages were not identical between leaves and 165 caterpillar feces (p = 0.001). Besides the potential growth of parasites and/or mutualists in the 166 gut, this difference could arise from digestion filtering out subsets of the leaf bacterial 167 community. 168 Transient input of leaf-associated microbes could explain the substantial variation we 169 observed in caterpillar gut bacterial loads (Fig. 1A) . Leaf bacterial densities were highly variable 170 within (tomato) and between (milkweed, eggplant, tomato) plant species, and this variation was 171 reflected in the feces of monarch (Danaus plexxipus) and M. sexta caterpillars feeding on them 172
(R 2 = 0.24, p = 0.03; Fig. 2A ). Furthermore, bacterial densities dropped by a median of 214-fold 173 from leaves to feces, suggesting that any potential bacterial growth within the gut is relatively 174 minor ( Fig. 2A ). The extent of this reduction varied widely (from 5 to 8400-fold, Fig. 2A ), 175
possibly because of inter-individual or interspecific differences in physiological traits that may 176 eliminate leaf microbes, such as gut pH. As with patterns in total abundance, variation in 177 bacterial taxonomic composition among leaves and caterpillar feces was correlated (Mantel r = 178 0.28, p = 0.001; Fig. 2B ). In other words, caterpillars consuming leaves with more distinct 179 bacterial assemblages produce more distinct bacterial assemblages in their feces, as would be 180 expected from a digestive system in which microbes are diet-derived and only transiently 181 present. Moreover, this process could explain a potential relationship between host relatedness 182 and microbiome structure, a pattern sometimes interpreted to indicate functional host-symbiont 183 interactions (49). Specifically, although confamilial caterpillars in Costa Rica had marginally 184 more similar gut bacterial assemblages than did caterpillars in different families (p = 0.053), they 185 had also been feeding on plants with especially similar leaf microbiomes (p = 0.005). 186 187
Test of microbiome function in Manduca sexta 188 189
Supporting our claim that caterpillars lack resident, functional gut microbiomes, we show 190 experimentally that the growth and survival of field-collected Manduca sexta caterpillars are not 191 dependent on gut bacterial activity. As measured by qPCR, wild M. sexta contain ~61,000-fold 192 lower bacterial loads than expected from allometric scaling relationships based on animals with 193 resident microbiomes ((50), Fig. S2 ). Feeding M. sexta antibiotics reduced this already low 194 number of gut bacteria by 14-to 365-fold (range of medians across dosages), as measured using 195 culture-dependent methods (R 2 = 0.13, p = 0.003, Fig. S3A ). These colony counts were 196 positively correlated with the number of 16S rRNA gene copies (r = 0.38, p = 0.003; Fig. S3B ).
197
Suppression of viable bacteria had no effect on pupal weight (antibiotics: p = 0.45; sex: p = 198 0.014; interaction: p = 0.70; Fig. 3 ), which is correlated with fecundity in insects (51), nor on 199 development time (antibiotics: p = 0.19; sex: p = 0.023; interaction: p = 0.63; Fig. S4A ).
200
Likewise, antibiotic treatment did not affect survival from larval hatching to adult emergence (p 201 = 0.19, Fig. S4B ), nor generally impact total feces production, which is an integrated measure of 202 leaf consumption and assimilation efficiency (antibiotics: p = 0.07; sex: p = 0.002; interaction: p 203 = 0.048). As expected with M. sexta (52) we found clear sexual size dimorphism, suggesting our 204 experimental design had sufficient power to detect biologically meaningful differences. Given 205 that antibiotics reduced fecal bacteria to a variable extent within and among treatments (Fig.  206 S3A), we repeated the aforementioned analyses using gut bacterial abundance as the predictor 207 variable. In all cases there was no significant relationship with host performance (p > 0.1), 208 further indicating that reducing or eliminating gut bacteria from caterpillars does not negatively 209 impact M. sexta fitness. 210 211
Discussion 212 213
Consistent with previous microscopy-based (20) (21) (22) 53) and molecular studies (26-29), 214
we found that resident microbial symbionts are generally absent or present only in low numbers 215 in caterpillar guts. As expected for herbivores consuming microbe-rich leaf tissue, diet-derived 216 microbes are transiently present in caterpillar guts, wherein they may be dead or inactive. That 217 the microbial biomass in caterpillar guts is far lower than in the guts or whole bodies of many 218 other animals ( Fig. 1A) , and also lower than in their food ( Fig. 2A) , suggests a lack of persistent 219 microbial growth within the gut. Moreover, any potential microbial metabolism might be too 220 limited to substantially affect digestive processes, as illustrated by our observation that Manduca 221 sexta caterpillars contain microbial loads orders of magnitude lower than comparably sized 222 animals with resident microbiomes (Fig. S2 ). In addition to low abundance, the composition of 223 microbes detected in caterpillar guts is highly variable among conspecific individuals (Fig. 1C ). 224
Lacking stable populations of core microbial taxa, caterpillar gut microbiomes may be easily 225
influenced by the idiosyncrasies of which microbes are present on a given leaf and in what 226 abundance, and which leaf microbes can survive transit through the digestive tract. Ingested 227 microbes which die within the host may still be beneficial as a food source or by stimulating the 228 immune system, but are not themselves symbionts (following the original definition of symbiosis 229
as the "living together of different species" (referenced in (35)). 230
Based on the experiment with M. sexta, it is unlikely that microbes have cryptic, but 231 essential, functions in caterpillar guts. Antibiotic suppression of viable gut bacterial loads in M. 232 sexta had no apparent negative consequences, contrasting sharply with the many examples of 233 major reductions in host growth or survival upon removal of beneficial symbionts (e.g., (54-234 56)). If anything, caterpillars treated with antibiotics showed slight (but not statistically 235 significant) increases in performance ( Fig. 3, Fig. S4B ). Antibiotics increase the weight gain of 236 laboratory-bred caterpillars (57-59), and commercially made caterpillar diets often contain 237
antibiotics. This effect, also observed in livestock (60), might reflect microbial parasitism 238 occurring in even apparently healthy caterpillars, and/or costly immune responses to the presence 239 of pathogens (61). Aside from known leaf-specialists, some of the most frequently detected 240 bacterial genera in this study (Table S2 ), including Acinetobacter, Clostridium, Enterobacter, 241
Enterococcus, Escherichia, and Staphylococcus, have been reported to cause disease in 242 caterpillars under some circumstances (37, 47, 62, 63). 243
The lack of a resident gut microbiome in caterpillars may directly result from a digestive 244 physiology that is particularly unfavorable to microbial growth (18). The midgut, the largest 245 section of the digestive tract wherein caterpillars digest leaf material and absorb the resulting 246 nutrients (64), is a hostile environment for microbes (24). It is highly alkaline, with pH values 247 often >10 (65) and as high as 12 (66), and contains host-encoded antimicrobial peptides (67). 248
Additional attributes of the caterpillar gut that may hinder microbial colonization include a 249 simple tube-like morphology without obvious microbe-housing structures (18), a continually 250 replaced lining (the peritrophic matrix) covering the midgut epithelium (68) which may prevent 251 biofilm formation, and short retention times (food transit takes ~2 hours in M. sexta (69)). 252
Although some insects harbor symbionts in specialized organs (53), to our knowledge, similar 253
structures have not been reported in caterpillars. Buchner's foundational survey of animal 254 endosymbiosis describes Lepidoptera only as "a group in which no symbiont bearers have been 255 discovered" ((53), p. 817). Moreover, previous studies did not find abundant microbes outside of 256 the gut (32, 37). 257
Without the aid of microbial symbionts, how are caterpillars able to overcome the dietary 258 challenges posed by herbivory? First, caterpillars use a combination of mechanical disruption, 259 endogenously produced digestive enzymes, and high pH to extract easily solubilized nutrients, 260
primarily from the contents of plant cells (18, 70, 71). Although this method of processing leaves 261 is relatively inefficient, essential nutrients are not totally absent, so that caterpillars can 262 compensate by simply eating more (18, 64). Some insects likely require microbes for 263 detoxification (16), but many caterpillars possess host-encoded mechanisms for degrading or 264 resisting plant allelochemicals (72). However, there may be a vestigial role for microbes in these 265 processes, as genomes of many Lepidoptera contain microbial genes encoding enzymes with 266 related functions (73, 74). These gene acquisitions may have enabled a symbiont-free feeding 267 strategy. 268
The caterpillars surveyed here are likely to be representative of most externally leaf-269
feeding Lepidoptera, as we included a range of families, habitat types, and diet breadths from 270 monophagous to highly generalist. However, a lack of resident gut microbiome in the caterpillar 271 may not apply to the adult butterfly or moth. Compared with larvae, adult butterflies host distinct 272 bacterial communities (32) and high gut microbial loads (75). Many other Lepidoptera lack 273
functioning mouthparts or digestive tracts as adults, and in these groups microbes may be 274 altogether irrelevant to digestion or nutrition. However, we cannot exclude the possibility that 275 microbial symbionts may influence host fitness by their potential activities in eggs or pupae. 276
The extraordinary diversity and abundance of Lepidoptera (14) indicates that a symbiont-277 independent feeding strategy can be highly successful. Perhaps such success reflects a release 278 from constraints imposed on other animals that do host and depend on symbionts. There are costs 279
to engaging in mutualisms (e.g., (76-78)), and in a gut microbiome context one cost includes 280 nutrient competition between host and microbes (60). A high availability of food allows 281 caterpillars to "skim the cream" (64), assimilating simple nutrients that might otherwise be used 282 by gut microbes and excreting recalcitrant material. In other words, "Why not do the digestion 283 yourself rather than pay someone else to do it?" ((79), p. 53). Other costs include the risk of gut 284 microbes becoming pathogenic (80, 81), and the potential for pathogens to exploit a gut 285 environment that is hospitable to microbial mutualists. The extreme conditions in the caterpillar 286 midgut may instead exclude all microbial growth, providing some degree of protection against 287 disease. 288
Dependence on microbes with different physiological tolerances than the host constrains 289 overall niche breadth (7, 77). As compared with groups lacking functional microbiomes, animals 290 whose biology is heavily influenced by microbial mutualists may be less able to switch to new 291 food plants or new habitats over evolutionary time. Indeed, it has been argued that while 292 microbial symbioses can provide novel ecological functions, they may also increase the 293 extinction risk of host lineages (7, 82 (Insecta, 520 Lepidoptera) drastically reduce copy numbers of aadA antibiotic resistance genes from 521 transplastomic tobacco but maintain intact aadA genes in their feces. Environ Biosafety 522
Res 6:121-133. only) versus 12 reactions to which 5 µl of caterpillar fecal DNA was substituted for water. 660
Means of triplicate reactions are shown. The twelve caterpillar species with the lowest total 16S 661 rRNA gene copy number were used for this test. Dashed lines show medians for each group. 
